In this procedure, oxalate oxidase (EC 1.2.3.4) immobilized in a continuous-flow system is used to determine oxalate in urine. The hydrogen peroxide formed from oxalate is detected by use of a color reaction with peroxidase (EC 1.11.1.7), 3-methyl-2-benzothiazoline hydrazine, and N,N-dimethylalanine. However, urine contains an oxalate oxidase inhibitor, which cannot be removed by heating, ion-exchange resins, or cellulose columns. This makes it necessary to precipitate the oxalate before assay. The overall assay system is accurate (oxalate recovery, 95.9%), sensitive (5 prnol/L), precise (within-batch CV <1.25%, between-batch CV <5%), and relatively rapid (60 samples per working day). The assay system has better accuracy than an established chemical method and a gas-chromatographic method, and is considerably less arduous than and correlates well (r = 0.94) with a modified chemical method. The reference interval for urinary oxalate excretion is 0.16-0.56 mmol per day (n = 97). Only nonphysiological concentrations of ascorbate interfere with the assay, by increasing the oxalate result in the overall assay, presumably by post-micturition formation of oxalate from ascorbate in the urine samples.
In this procedure, oxalate oxidase (EC 1.2.3.4) immobilized in a continuous-flow system is used to determine oxalate in urine. The hydrogen peroxide formed from oxalate is detected by use of a color reaction with peroxidase (EC 1.11.1.7), 3-methyl-2-benzothiazoline hydrazine, and N,N-dimethylalanine. However, urine contains an oxalate oxidase inhibitor, which cannot be removed by heating, ion-exchange resins, or cellulose columns. This makes it necessary to precipitate the oxalate before assay. The overall assay system is accurate (oxalate recovery, 95.9%), sensitive (5 prnol/L), precise (within-batch CV <1.25%, between-batch CV <5%), and relatively rapid (60 samples per working day). The assay system has better accuracy than an established chemical method and a gas-chromatographic method, and is considerably less arduous than and correlates well (r = 0.94) with a modified chemical method. The reference interval for urinary oxalate excretion is 0.16-0.56 mmol per day (n = 97). Only nonphysiological concentrations of ascorbate interfere with the assay, by increasing the oxalate result in the overall assay, presumably by post-micturition formation of oxalate from ascorbate in the urine samples. 
Materials and Methods

Chemicals and Other Materials
Sample Preparation
Twenty-four-hour urine specimens were obtained from apparently healthy laboratory workers, who collected them in plastic bottles containing 50 mL of 2. 
Basis of and the Procedure for the Immobilized Oxalate Oxidase Method
The oxalate oxidase is immobilized on the interior surface of activated nylon tubing as described previously (8) . In our hands, oxalate oxidase purified from moss (12) lost its activity completely when immobilized. The sampler is operated at 10 samples per hour with a 1/2 sample-to-wash ratio.
Other Oxalate Assays
Chemical method.
The oxalate in the urine samples is precipitated with calcium sulfate, reduced to glycolic acid by boiling with dilute sulfuric acid in the presence of a zinc pellet, and estimated colorimetrically with chromotropic acid. We modified this method (6) slightly in that the mm. After cooling, the contents of the tube are diluted to 20 mL with 5 mol/L sulfuric acid and the absorbance at 570 nm is measured. Colorimetric blanks are prepared by treating 4-mL aliquots of the chromotropic acid solution with heating and dilution in sulfuric acid as described above. The result for the internal standard is used to calculate the urinary oxalate concentration.
Gas-chromatographic
method. Urinary oxalate is precipitated as the calcium salt and methylated.
The methylated derivative is quantified by gas chromatography (7) .
Results
Urinary Inhibitor of Oxalate Oxidase
Attempts to measure oxalate directly in urine samples by the immobilized oxalate oxidase method were unsuccessful: urine inhibits the immobilized enzyme. The inhibitor can be completely removed by pumping the diluent succinate buffer through the enzyme coil. The inhibitor is also soluble in water, methanol, acetone; only partly extractable into ether; and insoluble in chloroform. Simple 10-fold dilution of the urine with the succinate buffer (17) 
is not removed from urine in the presence of 200 g/L amounts of charcoal, Celite, bentonite, molecular sieve type 3A, Bio-Rad AG 1-x4, AG 1-x8, or AG 50W-x8, Amberlite CG-50, CG-400, IRC-50, or IR-120, or Dowex 2-x 8. Nor is the inhibitor removed by passage of the urine through a Concanavalin A-Sepharose column or a mixed resin column of Chelex 100 and Bio-Rad AG 50W-x4. This contrasts with the findings of Laker et al. (12) , who observed that interfering substances in their moss oxalate oxidase method could be removed by adsorption to a mixed resin column. The inhibitor is eluted from Sephadex G-25 and G-100 and Bio-Gel P-30 columns in the same fraction as urea and chloride, but it is neither of these (8) . Rather, it is a compound of small molecular mass, which tends to be eluted from Sephadex G-10 and Bio-Gel P-6 columns as a very broad peak. This suggests that the inhibitor may interact with the column material and (or) is perhaps heterogeneous.
Oxalate oxidase is inhibited by the sodium salts of chloride, acetate, phosphate, and citrate (9, 10) . In the present method, sodium chloride can decrease the detector response by 1, 2, 3, 5, 10, and 60% at 50, 125, 250, 1000, 2000, and 10 000 mmol/L, respectively. This is an effect on the enzyme because, in the absence of the enzyme coil but in the presence of hydrogen peroxide, sodium chloride has no effect on the color reaction. Samples prepared as described above show no inhibitory effect from the sodium chloride present in the urine. Lactate, pyruvate, citrate, acetate, NAD , glucose, fructose, xylitol, creatinine, glycine, serine, glutamate, glycolate, glyoxylate, ethylene glycol, ethanol, chloride, sulfate, phosphate, carbonate, bicarbonate, magnesium, sodium, potassium, or lithium in 20 mmollL concentrations have also been shown to be without effect (8) . In addition to these substances, oxalate oxidase from moss has been shown to be unaffected by acetylsalicylic acid, fumarate, glutarate, maleate, malonate, oxaloacetate, succinate, or tartrate at 2.5 mmolfL (12). That the urinary inhibitor is of low molecular mass (<500 daltons) is confirmed by the observation that it will, in part, pass through an Amicon UMO5 ultrafiltration membrane. Concentration of the urine by lyophilization did not aid in the further elucidation of the nature of this inhibitor.
The Immobilized Oxalate Oxidase Method
The system described is based on the conversion of oxalate by the immobilized oxalate oxidase to hydrogen peroxide, which is detected with the MBTH/DMA/peroxidase chromogenic system. The system has already been evaluated for aqueous samples, with use of the color reaction with 4-aminophenazone (8) . For example, between 20 and 37 #{176}C, there is less than 8% variation in the activity of the immobilized enzyme, and so it was concluded that careful control of the enzyme coil temperature is not warranted (8) . All results reported here were obtained in an air-conditioned, temperature-controlled building (22 ± 2 #{176}C). The MBTH/DM.Aiperoxidase color reaction with hydrogen peroxidase is well investigated (12, [14] [15] [16] . The concentrations of the MBTH, DMA, and peroxidase used in the present method are those for which the absorbance due to the color reaction is independent of minor variations in the reagent concentrations (14) . We found that over the pH range 2.5 to 5.0, in the absence of the enzyme coil and in the presence of hydrogen peroxide, the absorbance of the color reaction in this method was maximal between pH 3.5 and 5.0. When the diluent succinate buffer was added to the continuous-flow system, the absorbance of the color reaction was greatest between pH 3.6 and 4.0, maximal at pH 3.8. The oxidative coupling system with MBTH/DMA/peroxidaze is considerably more resistant to the inhibitory influence of interferences than other chromogens are (12,15, 16). Creatinine, urate, or ascorbic acid was added (20 mmollL) to urine samples, which were subjected to the sample-preparation procedure and assayed in the continuous-flow system. Neither creatinine nor urate had any effect but, surprisingly, the ascorbic acid increased the result for oxalate three-to fourfold. Aqueous samples of ascorbic acid, so treated, also gave high absorbance readings. This effect was greater if the urine with added ascorbic acid was allowed to stand at room temperature for 24 to 48 h. Physiological urinary concentrations of ascorbic acid, however, had no measurable effect. In the absence of the enzyme coil and in the presence of hydrogen peroxide, ascorbic acid (20 mmoL'L) in the urine sample resulted in the expected depression of the absorbance (8, 12, (15) (16) (17) . Oxalate is known to be a major product of ascorbic acid metabolism (18) , but these results suggest that ascorbic acid also was oxidized to oxalate in vitro, either in voided urine on standing or as a result of the sample preparation (19, 20) . As a precautionary measure, patients known to be taking large doses of vitamin C should be instructed to discontinue doing so for 48 h before collecting a urine specimen (12).
Once immobilized, the oxalate oxidase from barley root is extremely stable, if the coil is not allowed to dry out. When not in use, the enzyme coil is filled with succinate buffer, joined together at its two ends with a 10-mm piece of silicone rubber tube, and then placed with a small amount of water in a plastic bag, which is sealed and stored at 4#{176}C. We saw no noticeable deterioration of the activity of the bound enzyme during more than 12 months of regular use. mined by multiple analyses of three different urines within one run and of one urine over 10 different runs ( Table 1) . The within-batch CV was <1.25%, between-batch <5%.
Evaluation of the Analytical System
Recovery studies. Analytical recovery was investigated by two methods as follows:
(a) Sample preparation.
To samples of urine from 48 different volunteers we added 30 000 cpm of [U-'4Cloxalate. Each sample was then prepared as described in the Materials and Methods section. When the calcium oxalate precipitate was reconstituted in the 5 mmol/L sulfuric acid, an aliquot was taken for the determination of radioactivity as described above. Analytical recovery by this procedure was found to be 97.3% (SD 3.8%).
(b) The immobilized oxalate oxidase method. In this procedure, accurately measured aliquots of an oxalate standard solution were added to 16 different urines so as to increase the oxalate concentration by 0.50 mmollL. The mean recovery for the combined sample preparation and continuous-flow system procedures was 95.9% (SD 7.4%).
Accuracy.
The many problems of measuring urinary oxalate concentrations and the consequent plethora of urinary oxalate assay methods (2, 3, 6, 7, 11, 12, 17 ) make it difficult to select any one method as the acceptable comparison method. First, we compared the immobilized oxalate oxidase method (y) with the chemical method (x), which is a very minor modification of the long-available colorimetric method of Hodgkinson and Williams (6) In a second comparison we used the gas-chromatographic method but first compared it (y) with the chemical method of slope = 0.368). Both this and the above correlation are consistent with the knowledge that a major shortcoming of the chemical method is its nonspecificity, which can result in spuriously high values for urinary oxalate (7) . The comparison of the immobilized oxalate method (y) with the gas-chromatographic method (x) yielded the linear regression equation y = 0.809x + 0.148, with r = 0.77 and S = 0.073 mmollL (n = 48, standard deviation of intercept = 0.208, standard deviation of slope = 0.688). Despite this improved correlation coefficient, the increase in the standard deviation of the slope indicates a poorer quality of fit of the data. Furthermore, the urinary oxalate values obtained by the gas-chromatographic method were significantly lower by an average 0.09 mmolIL (p < 0.001) than those by the immobilized enzyme method. That is, either the comparison method underestimates or the test method overestimates urinary oxalate concentrations.
In the gas-chromatographic method the oxalate is precipitated as its calcium salt from the urine in a manner analogous to that used in the chemical method (7) . Precautions (11) as used in the immobilized oxalate oxidase method or the modified chemical method were not taken. Indeed, in the gas-chromatographic method, analytical recoveries of oxalate after precipitation can vary from 40 to 100%, and correction factors for recoveries of added radioactive oxalate must be calculated (7) .
A comparison of the immobilized oxalate oxidase method with the modified chemical method (Figure 3 
Reference Interval
One hundred 24-h urine specimens were obtained from equal numbers of apparently healthy male and female laboratory workers, ages 19 to 65. The oxalate concentration 05 10 Fig. 3 . Urinary oxalate concentrations as measured by the present method and the modified chemical method in 60 human 24-h urine specimens in each urine sample was determined by the present method and the 24-h urinary oxalate excretion was calculated. Values that fell outside the range of mean ± 3 SD were excluded from the sample (21). This gave a reference interval for 24-h urinary oxalate excretion of 0.16-0.56 mmol per day (mean ± 2 SD, n = 97). Statistical analysis of the data showed that the distribution did not differ significantly from gaussian.
URINARYOXALATE (mmol/L) MODIFIED CHEMICAL METHOD
Discussion
There is general agreement on the fundamental disadvantages of any method for the estimation of urinary oxalate that is based on extraction of the oxalate (7, 11, 12, 17) . The precision and accuracy of these methods can be markedly improved by scrupulous attention to detail (e.g., 11), but they still are relatively tedious and cumbersome. In our laboratory no more than 10 urinary oxalates per day can be estimated by the modified chemical method. effect in the present system. Rather, the inhibitor problem was obviated by precipitating the oxalate from urine as its calcium salt, with careful attention to method protocol, particularly pH control (11) . Analytical recovery of oxalate in the sample preparation step is 97.3%; for the whole assay procedure it is 95.9%. Additional isotope-dilution correction procedures are thus not necessary. The oxalate oxidase inhibitor was not identified, but it seems to be a low-molecular-mass, possibly heterogeneous, "non-ionic," and highly water-soluble substance(s). The sample-preparation procedure described here also markedly decreases the influence of interfering substances in the MBTHfDMAlperoxidase color reaction. Only ascorbic acid, in very high, nonphysiological concentrations, directly depressed the absorbance at 600 rim; this effect is wellknown (12, 15, 16). The sample-preparation procedure, however, rather surprisingly caused ascorbic acid (20 mmol/ L) to increase absorbance in the overall assay procedure.
Absorbance further increased if the urine was allowed to stand for 24-48 h before assay, probably as a result of ascorbic acid breaking down to oxalate (19, 20) . Ascorbic acid in physiological concentrations in the urine presented no problem (12).
Because urines can be batched in the sample-preparation step and the immobilized oxalate oxidase method is a continuous-flow system, as many as 60 urinary oxalates can be determined each day. We have now been using this method routinely in our laboratory for six months. In comparison with other published methods for determining urinary oxalate, the method is precise, sensitive, highly specific, and relatively rapid (Table 1) . It is considerably less arduous than chemical (6, 11) or gas-chromatographic 
